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Abstract 
Recently there has been a major thrust to develop novel nanomaterials exhibiting unique properties. These 
nanostructures are envisioned as building blocks for the next generation of electronic and energy harvesting systems. 
In this context, identification of their size-dependent properties is essential, but due to challenges in nanoscale 
experimentation, unambiguous characterization of mechanical and electromechanical behavior has been elusive. 
However, in the past few years, in-situ experimentation has emerged as a powerful technique to overcome these 
challenges. Furthermore, the coupling of such experimental findings to atomistic simulations has shown to have the 
potential to reveal mechanistic insights, essential for the deep understanding of nanoscale behavior. Here, we present 
a summary of a few significant results obtained by our group using this approach. Specifically, we discuss size effects 
that influence the mechanical and electromechanical properties of metallic and semiconducting nanowires.  
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Huajian Gao and  
Julia Greer. 
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1. Introduction 
Nanostructures, such as carbon-based nanomaterials (carbon nanotubes-CNTs, graphene and carbon 
nanofibers-CNFs) and nanowires (metallic and semiconducting), are envisioned as critical components in 
the next generation of advanced materials, electronic devices and autonomous sensor networks. CNTs and 
graphene, with their outstanding mechanical and electrical properties are now being studied as the 
building blocks of high-performance composite materials, and next-generation electronic and nano-
electromechanical systems (NEMS). Crystalline nanowires, with enhanced moduli and fracture strengths 
below 100 nm, and active properties, such as piezoelectricity and piezoresistivity, are potential com-
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ponents of future post-CMOS electronics, energy harvesting architectures, and ultra-high density 
interconnects.  
Although the potential of all these nanostructures is well recognized, challenges in nanoscale 
experimentation, and in scalability of computational modeling, has made difficult the obtention of 
unambiguous mechanical and electromechanical properties. For example, in the case of electromechanical 
properties, despite increased attention on the very high piezoresistivity in silicon nanowires [1], and 
energy harvesting using piezoelectric nanowires [2], some questions remain unanswered [35]. Even 
though high piezoresistance has been reported by several groups [1, 6, 7], recent findings point to 
experimental artifacts that may explain earlier measurements [3, 4]. In the case of energy harvesting, the 
correlation between conductivity, carrier concentration, and piezoelectric output has been the subject of 
controversy [5, 8, 9], although such systems have demonstrated the ability to produce usable electrical 
energy [10]. 
To address these challenges, our group has developed over the past several years a combined 
experimental-computational approach to characterize mechanical and electromechanical properties of 
nanostructures. For experimental measurements, we have developed a MEMS-based nanoscale material 
testing system (n-MTS) for in-situ SEM/TEM mechanical characterization of nanostructures [1114], 
including CNTs [15] and nanowires [16, 17], in pure tension or compression. The n-MTS consists of a 
thermal actuator and a capacitive load sensor where the specimen to be tested is fixed between by EBID 
(electron beam induced deposition) of platinum. The device possesses nano-Newton load and nanometer 
displacement resolutions. To mount nanostructures on the n-MTS, we have perfected a nanomanipulation 
technique, within an SEM, using a 3-axis nanomanipulator with nanometer step resolution [13]. To 
complement the experimental effort, atomistic calculations using large scale molecular dynamics (MD) 
and density functional theory (DFT) methods have been used to model mechanical and electromechanical 
properties of nanostructures. Here, we present a summary of some of our results using this approach. For 
more details, the reader is referred to recent review articles that extensively discuss the techniques and 
findings [1820]. 
2. Plasticity in penta-twinned silver nanowires [21] 
Although there have been many molecular dynamics simulations on the plastic deformation of metal 
nanowires, most of the predictions have not been tested experimentally due to the difficulty of conducting 
in-situ TEM tensile measurements, which can directly identify plastic deformation mechanisms. In [21], 
we present the results of a combined study of in-situ TEM tensile testing and molecular dynamics (MD) 
simulations conducted on penta-twinned Ag NWs. We show that the coherent twin boundaries present in 
penta-twined Ag NWs result in a unique size-dependent strain hardening mechanism that can achieve 
both high strength and ductility.  
Tensile tests were conducted in-situ with a JEOL 2100F field emission TEM operated at 200 keV 
using MEMS devices in which both stress and strain are measured during the deformation while the NW 
atomic structure is directly observed [13, 22]. The results show that the yield strain has a weak 
dependence on the NW diameter, as one would expect from the nucleation theory [23], which suggests 
that the onset of deformation is initiated by dislocation nucleation. However, the deformation behavior of 
the NWs after the initial yielding is significantly affected by the NW diameter. Thinner NWs show a 
more pronounced strain hardening effect. The thickest tested NW (118 nm diameter), however, quickly 
develops necking with no strain hardening, which is similar to the behavior of single crystalline NWs [24, 25].  
TEM images have revealed that dislocations are nucleated and propagated in discrete localized regions 
along the NWs. Interestingly, the number of local plastic zones that develop during tensile testing is 
found to increase with decreasing NW diameter. In the thickest tested nanowire, only two plastic zones 
449 Horacio D. Espinosa et al. /  Procedia IUTAM  10 ( 2014 )  447 – 452 
developed during tensile deformation resulting in a stressstrain response exhibiting a strain hardening 
rate of nearly zero (~0.3 GPa) and an ultimate strength of only ~2 GPa. In contrast, the smallest diameter 
NW developed 11 localized plastic zones that nucleated at staggered intervals in the plastic deformation 
regime. In this case, the diameter of the NW in the plastically deformed regions was only slightly reduced 
(from (41.7 ± 0.2) to (40.6 ± 0.2) nm). Consequently, this small diameter NW exhibited an unprecedented 
combination of high strength, ductility, and strain hardening with a strain-to-failure of ~14% and strain 
hardening rate of (11.7 ± 0.4) GPa. 
To reveal the atomistic detail of the deformation mechanism, we performed MD simulations of penta-
twinned Ag NWs under uniaxial tension at the strain rate of 107 s-1 at 300 K. The investigated NW 
diameters ranged from 6 to 20 nm. The interatomic interaction is described by the embedded atom 
method (EAM) potential. Plastic deformation was found to begin by the nucleation of a partial dislocation 
from the NW surface. After this partial dislocation has swept the entire cross section of this grain, leaving 
a triangular shaped stacking fault area, it triggers dislocation activity on {111} slip planes in neighboring 
grains, leading to a five-sided hat-shaped stacking fault area. At the same time, dislocations are also 
nucleated on the other set of {111} slip planes that are mirror reflections of the five-sided hat structure. 
Therefore, the first dislocation nucleation event quickly leads to the formation of a ten-sided stacking 
fault area, which we call stacking fault decahedron (SFD). Subsequent microstructure evolution in the 
MD simulations can be characterized as the formation of more SFDs along the NW. The signature of such 
SFDs is observed in the experiment, confirming that the plasticity mechanisms are being captured by the 
simulations. 
In summary, the size-dependent plasticity of Ag penta-twinned NWs measured by in-situ TEM 
experiments has been characterized, and the deformation mechanisms have been elucidated by MD 
simulations. Unique strain hardening and multiple plastic zone formation in thin NWs (D < 100 nm) is 
explained by dislocation nucleation from a local stress concentrator, which leads to the formation of a 
linear chain of SFDs. By confining dislocation activity to SFD chain propagation, the internal twin 
boundaries cause local hardening of thin NWs, resulting in defect-insensitive structures with significantly 
enhanced flow stress, ductility, and strength.  
3. Mechanical characterization of semiconducting nanowires 
3.1. Mechanical properties of ZnO nanowires [16, 17, 26] 
Previously reported experimental studies of the elastic modulus of ZnO nanowires have yielded 
contradictory values ranging from 20 to 250 GPa. Those studies used various experimental techniques 
such as in-situ electromechanical resonance [2729], three-point bending using atomic force microscope 
(AFM) [30], single-clamp AFM bending [31], contact resonance AFM [32], and microfabricated test 
stages [33]. Some of these techniques revealed a size dependence of the elastic modulus [28, 32], while 
others did not [30, 31, 33]. Discrepancies in measured modulus may have resulted from limitations in the 
experimental techniques due to poorly defined loading conditions and indirect metrology of the diameter, 
strains, and forces. In our experiments, we employed the n-MTS in-situ TEM to perform uniaxial tests in 
nanowires. The resolution provided by our technique allowed accurate metrology of applied strains and 
cross-sectional areas. Nanowires as small as 20 nm in diameter were tested. The Young’s modulus was 
found to increase from 140 to 160.3 GPa as the wire diameter decreased from 80.0 to 20.0 nm. For wires 
with diameters larger than 80.0 nm, a modulus value of (140 r 3) GPa was measured, consistent with the 
value for bulk ZnO [34].  
We complemented our experimental findings with MD simulations of ZnO nanowires with diameters 
ranging from 5.0 to 20.0 nm using the Buckingham potential. The simulations predicted an increase in the 
Young’s modulus from 169 to 194 GPa as the wire diameter decreased from 20 to 5 nm. This trend is 
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consistent with the experimental findings. The observed size effect is attributed to the surface 
reconstruction, resulting in reduced interatomic spacing of the surface atoms, which renders the surface 
stiffer as compared to the core of the nanowire. The resulting effect therefore becomes more prominent as 
the wire diameter decreases. 
We also investigated ZnO nanowire fracture mechanisms [17]. Experiments revealed brittle fracture of 
nanowires along the [0001] cleavage plane at fracture strains up to 5%. Contrary to the brittle fracture 
observed in experiments, simulations displayed a phase transformation from the Wurtzite (WZ) phase to a 
body-centered tetragonal (BCT-4) phase accompanied by a sudden drop in stress. On further loading, 
nanowires eventually fail in a brittle manner at ~17% strain. Given that this phase transformation was not 
observed experimentally, the accuracy of the Buckingham potential was brought into question. We 
addressed this issue in a later study [26] in which we performed large-scale DFT simulations of ZnO 
nanowire fracture and contrasted them against the MDBuckingham simulations. Our DFT results 
indicate that the predicted phase transformation and re-loading is indeed an artifact of the Buckingham 
potential. Instead, the phase transformation occurs as a precursor to failure. As a conclusion, we found 
that nanowires with no defects fracture at approximately 20% strain.  
To summarize our work on the mechanical properties of ZnO nanowires, we can conclude that the 
elastic properties were unambiguously characterized. Furthermore, comparison between experiments, MD 
simulations, and DFT calculations allowed us to establish artifacts of the Buckingham potential at high 
strains, which affects its predictive capability in the context of nanowire fracture. 
3.2. Mechanical properties of GaN nanowires [35] 
Using a similar approach to that used to study ZnO nanowires, we characterized the elastic modulus of 
GaN nanowires grown in the c-, a-, and m-axes. Experimentally, nanowires from 40 to 150 nm in 
diameter were tested. These results were compared with atomistic MD simulations of nanowires, 
measuring a few nm up to 20 nm, using the StillingerWeber potential. In this fashion, we were able to 
obtain a complete analysis of mechanical behavior as a function of size and growth axis. The combined 
results show that GaN nanowires display enhanced modulus below 20 nm. Above 20 nm, properties 
converge to the bulk values. This enhancement, just as in the case of ZnO nanowires, is a consequence of 
the rearrangement of surface atoms, which increases the local elastic modulus as a result of reduced 
interatomic spacing.  
These findings, however, stand in contrast with the previous trends obtained for ZnO nanowires, in 
which the modulus enhancement was found to exist for nanowires up to 80 nm in diameter. The reason 
for this difference in behavior is the greater reduction in interatomic spacing, with respect to the pristine 
crystal structure, at the surface of ZnO nanowires as compared to that of GaN nanowires.  
4. Piezoelectric characterization of GaN and ZnO nanowires [36, 37] 
Given the increased interest in energy harvesting schemes that utilize piezoelectric nanostructures, we 
have also carried out characterization of the piezoelectric properties of GaN and ZnO nanowires. Using 
first-principles DFT calculations, we studied their piezoelectric behavior for diameters ranging from 0.6 
to 2.4 nm [37]. The results indicated the existence of a large piezoelectric effect, where smaller nanowire 
diameter leads to an up to two orders of magnitude increase in the piezoelectric constant, as compared to 
bulk. The enhancement mechanism was revealed to be local volume contraction near the nanowire 
surface, leading to an increase of the polarization per unit volume and, ultimately, an increase of the 
piezoelectric coefficient. These results highlight the promising nature of ZnO nanowires, and especially, 
GaN nanowires, for energy harvesting applications. Nevertheless, further experimental confirmation of 
these results on realistic nanowire diameters (>10 nm) is critical to impact the design of nanoscale energy 
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harvesters.   
Toward this goal we have developed a novel AFM-based approach to characterize piezoelectricity on 
nanostructures, and have successfully applied it to GaN nanowires [36]. The method utilizes 
piezoresponse force microscopy (PFM) in lateral and vertical mode, coupled with axial and transverse 
application of voltage to the nanowire, in order to determine its piezoelectric tensor. The experiments 
reveal that for a range of nanowire diameters of 64 to 191 nm, higher piezoelectric coefficients of up to 
six times the bulk values can be observed. Thus, a piezoelectricity size effect may exist in nanowires in 
the 10-100 nm diameter range. Future experimental efforts should be directed toward a comprehensive 
characterization of this behavior. 
5. Conclusions and outlook 
We have shown through several examples the power of combining in-situ experiments with atomistic 
calculations for elucidating mechanical and electromechanical properties of nanostructures. This approach 
has allowed the discovery of unique plasticity mechanisms in Ag nanowires that combine strength, 
ductility, and elasticity size-effects and of enhancement in the piezoelectric response of GaN and ZnO 
nanowires. Further understanding of the mechanical and other coupled properties (electromechanical, 
electrothermal) of nanostructures will necessitate continued development of novel characterization 
techniques. Efforts need to be directed toward the understanding of properties for NWs smaller than 100 
nm, especially for coupled behavior such as piezoelectricity. New computational approaches need to be 
developed to achieve accurate modeling of coupled behavior for realistic nanostructure sizes (10100nm). 
Furthermore, strain-rate dependent studies are required to bridge the gap between experiments and 
atomistic calculations. Advances in techniques such as in-situ TEM, where nanosecond scales are already 
achievable, will allow the exploration of such rate-dependent failure mechanisms [38]. 
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